To evaluate whether transcranial Doppler (TCD) monitoring plays a role as a prognostic indicator, by being both a diagnostic as well as a monitoring tool for increased intracranial pressure and cerebral vasospasm (VSP), in traumatic brain injury (TBI). Electronic databases and gray literature (unpublished articles) were searched under different MeSH terms from 1990 to the present. Randomized control trials, case-control studies, and prospective cohort studies on TCD in TBI (>18 years old). Clinical outcome measures included Glasgow Coma Outcome Scale (GCOS) and Extended GCOS and mortality. Data were extracted to Review Manager Software. Twenty-five articles that met the inclusion criteria were retrieved and analyzed. Ultimately, five studies were included in our meta-analysis, which revealed that patients with TBI with abnormal TCD (mean flow velocity [MFV] >120 cm/sec or MFV <35 cm/sec and Pulsatility Index >1.2) have a >3-fold higher likelihood of having poor clinical outcome in comparison to patients with TBI and normal TCD monitoring (odds ratio [OR]: 3.87; 95% confidence interval [CI]: 2.97-5.04; P < 0.00001). Subgroup analysis revealed that abnormal TCD has a 9-fold higher likelihood of mortality (OR: 9.96; 95% CI: 4.41-22.47; P < 0.00001). Further, subgroup analysis based on TCD findings revealed that the presence of hypoperfusion on TCD (middle cerebral artery [MCA] <35 cm/s) is associated with a three-fold higher likelihood of having poor functional outcome (OR: 3.72; 95% CI: 1.97-7.0; P < 0.0001). The presence of VSP (MCA >120 cm/s) is associated with three-fold higher likelihood of poor functional outcome (OR: 3.64; 95% CI: 1.55-8.52; P = 0.003). TCD is an evolving diagnostic tool that might play a role in determining the prognosis of patients with TBI. Further prospective study is needed to prove the role of TCD in TBI.
Introduction
Traumatic brain injury (TBI) either blunt or penetrating leads to disruption of normal function of the brain. [1] TBI can be classified into mild, moderate, and severe based on the severity of injury, neurological status, and clinical presentation. Due to its irreversible and chronic effects on health, TBI has been categorized into a disease process, rather than a discrete event. [2] About 70%-90% of brain injuries as per the World Health Organization are mild. [3] [4] [5] The yearly incidence of TBI varies in different countries with the highest estimated to be in England. [6] [7] [8] [9] [10] As a result of direct mechanical forces, there is deformation involving both the anatomical and functional component of the brain, ultimately leading to primary brain injury. [11] Following it is the secondary brain injury, which occurs as a complication of primary brain injury, and includes ischemic and hypoxic damage, cerebral edema, raised intracranial pressure (ICP), hydrocephalus, and infection, [12] both can lead to physiological, [13] [14] [15] [16] emotional, [15, 16] and neurocognitive disorders. [16] [17] [18] The immediate effect of TBI on blood flow can range from ultra-early hypoperfusion (day 0), to early hyperemia (days 1-3), to delayed cerebral vasospasm (VSP) (days [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , as well as raised ICP. [19, 20] There are multimodal monitors involved in the assessment of patients in neurocritical care setting that varies from invasive to less invasive devices. [21] Therefore, ICP can be measured from direct intraventricular catheter to less invasive devices that include intraparenchymal, subdural, subarachnoid, and extradural probes. In addition, oxygen extraction in the brain can be determined by either jugular venous oxygen saturation for global blood flow or intraparenchymal Clark electrode (LiCox) for focal brain parenchymal flow. [21] Transcranial Doppler (TCD) allows a noninvasive assessment of real-time monitoring of ICP and cerebral perfusion pressure (CPP). TCD ultrasonography can be performed at the patient's bedside to determine and monitor cerebral blood flow (CBF), measured by mean blood-flow velocity (MFV), and ICP can be measured by Pulsatility Index (PI) values of the middle cerebral artery (MCA), and the rest of major intracranial vessels, regardless of patient having an altered level of consciousness or being sedated. [22] In addition, TCD may play a role in monitoring the early development of cerebral VSP after traumatic subarachnoid hemorrhage (SAH) and the early or delayed development of increase ICP following TBI. [23] This is achieved by daily noninvasive monitoring of CBF, MFV, and ICP of the intracranial vessels. [24] Even though TCD is a relatively low-cost, risk-free, bedside available, and high temporal resolution device, it is suitable for the emergency setting; significant limitations to the clinical utility of TCD in TBI include limited spatial resolution, assumptions made regarding the vessel diameter on TCD, operator dependency, and in patients who lack an adequate acoustic temporal window for insonation. [22, [25] [26] [27] [28] The diagnostic and prognostic role of TCD in TBI has not been fully established since available data are limited due to unavailability of any randomized controlled trials, and a small number of prospective cohort study.
The aim of our study is to evaluate whether TCD has a role as a prognostic tool by being both a diagnostic and monitoring tool for ICP and VSP in TBI. We performed a literature review and meta-analysis to attempt to answer the above question. Our a priori hypothesis was that TCD does have a role as a prognostic tool in patients with TBI, by early detection of increased ICP and cerebral VSP.
Methods

Database search
The following databases were reviewed -Cochrane Library, Medline, Embase, Web of Science, Google Scholar, Scopus, and PubMed. In addition, we reviewed the following gray literature -unpublished abstracts from European and American Neuro-Ultrasonography conferences over the last 10 years related to TCD in TBI as shown in Figure 1 . Articles published between 1990 and present were searched. Two reviewers MS and NF completed the entire review process.
Literature search
Following MeSH headings were searched: Ultrasound or Doppler or transcranial or TBI or ICP monitoring or prognostic tools in TBI or cerebrodynamics monitoring. We did not define any limitation in language. A total of 378 articles were retrieved based on the MeSH headings mentioned above. The titles of articles were then reviewed and duplicates were deleted.
The titles and abstracts of the studies identified by the literature search were screened for eligibility based on the inclusion criteria. Manuscripts that met the inclusion criteria were selected.
Study selection and data extraction
Primary research question
Does TCD play a role in predicting clinical outcome in TBI by monitoring and identifying increased ICP and VSP in the TBI population. Based on this, the following Population, Intervention, Control, and Outcome questions were developed:
Population
It includes adult patients with TBI due to motor vehicle injury, blows, fall, and penetrating head injury.
Intervention
Daily TCD monitoring with diagnostic criteria for increase ICP when PI >1.2, or Resistivity Index >0.8, and VSP when MFV (MCA >120) with Lindegaard ratio >3 and hypoperfusion (MFV <35 cm/s).
Control
Patients with TBI either with normal TCD or without TCD monitoring. Outcome clinical outcome dichotomized to good and bad outcome based on the Glasgow Coma Outcome Scale (GCOS) (favorable outcome: 4-5 and unfavorable outcome 1-3) or extended GCOS (EGCOS) (favorable outcome >5-8 and unfavorable outcome 1-4).
We applied stringent inclusion criteria. The following study's types were selected -randomized controlled trials, case-control studies, and prospective cohort studies in adult populations with TBI who received TCD. Retrospective cohort, case series, and case report studies were excluded from our systematic review.
The reviewer was not blind to the author's name and institutions, journals of publication, or study results.
Outcome measures
Outcome measures -the following outcomes were selected for our meta-analysis.
Primary outcome measures -dichotomized to good outcome (EGCOS 5-8 and GCOS 4-5) and poor outcome (EGCOS 1-4 and GCOS 1-3).
Measures of intervention effect -intervention efficacy was dichotomized as "Good" or "Poor" clinical functional outcome.
The GCOS and EGCOS were dichotomized to good functional outcome and poor functional outcome. In order for the TCD ultrasound to be effective as a prognostic tool, we required the threshold of distribution between good and poor outcome to be clinically and statistically significant (P < 0.05)
The odds ratio (OR) was calculated for normal versus abnormal TCD in TBI, good and poor outcome, mortality, hypoperfusion, and VSP.
Statistical analysis
Review Manager Program version 5.3 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, Denmark) as provided by Cochrane Library was used to perform statistical analyses. Data from each study were extracted from the articles and placed in this software to perform a pooled meta-analysis and subgroup analysis.
First, the TCD and good and poor outcomes computed across the different ultrasound modalities used in the different prospective cohort studies were analyzed. The OR for experimental abnormal and control normal TCD, associated with good and poor outcomes were calculated in all individual studies, with available data comparing the various outcomes among different studies. The OR from separate studies was combined by the fixed-effect meta-analysis according to the Mantel-Haenszel method, which is also valid for paired OR. Heterogeneity between studies was assessed by 
Results
Description of studies
A total of 378 tiles were reviewed from the above-mentioned electronic literature. Twenty-five studies were retrieved and analyzed; ultimately five articles, which met the inclusion criteria, were included in our meta-analysis. The baseline characteristics and the outcome of the prospective cohort studies are summarized in Tables 1 and 2 .
Risk of bias in the prospective cohort studies
None of the prospective cohort trials followed double blindness. This is understandable in this type of prospective cohort study, in which a procedure is evaluated, and it may be difficult to blind the investigator or the patient to procedure allocation. However, blindness could have been achieved for functional outcome, and this was not the case in any of the studies.
Effects of interventions
Pooled analysis for all five studies [ Figure 2 ] -patients with TBI who underwent diagnostic TCD monitoring for increase ICP or VSP and had abnormal TCD (MFV >120 cm/s or MFV <35 cm/s, PI >1.2) had a >3-fold higher likelihood of having poor outcome in comparison to patients with TBI and normal TCD monitoring (OR of poor outcome: 3.87; 95% confidence interval [CI]: 2.97-5.04; P < 0.00001).
Furthermore, subgroup analysis reveals that: 1. Subgroup analysis based on the role of TCD monitoring in TBI in predicting mortality -it revealed that patients with abnormal TCD had a 9-fold higher likelihood of mortality in comparison to patients with TBI who have normal TCD (OR: 9.96; 95% CI: 4.41-22.47; P < 0.00001) as indicated in Figure 3 
Discussion
Our study is the first to evaluate whether TCD has a diagnostic or prognostic role in the TBI population.
Our meta-analysis revealed that TCD plays role as a diagnostic and prognostic tool in terms of determining the functional outcome in patients with TBI. However, due to several limitations in the prospective cohort studies (lack of randomized control trials [RCTs], lack of adequate sequence generation, blindness in randomization and 5. PI at 6 months TCD -Transcranial Doppler; MCA -Middle cerebral artery; SND -Secondary neurological deficit; GCS -Glasgow Coma Scale; DRS -Disability Rating Scale; GCOS -Glasgow Coma Outcome Scale; GOSE -Extended GCOS; FOUR -Full Outline of Unresponsiveness; APACHE -Acute physiologic assessment and chronic health evaluation; ISS -Injury Severity Scale; PI -Pulsatility index; ICP -Intracranial pressure; CPP -Cerebral perfusion pressure; FVd -Diastolic blood-flow velocity; Vm -Measured flow velocity; MFV -Mean blood-flow velocity; EDV -End-diastolic velocity; Vd -End-diastolic flow velocity; SD -Standard deviation; CT -Computed tomography clinical follow-up, and the small sample size in all of the studies, and future double-blinded RCTs with large sample size are needed to prove the hypothesis of this novel noninvasive intervention. In addition, more evidence is required regarding the blood FV and PI correlation with the diagnosis and prognosis of patients with TBI.
Our meta-analysis findings are in line with the previous findings published. [34] [35] [36] [37] In addition, our meta-analysis represents a further step in evaluating the efficacy of TCD in TBI. A low flow velocity defined as MCA MFV of <35 cm/s within 72 h of head injury has been shown to predict unfavorable outcome at 6 months (Glasgow outcome score [GOS] score 1-3: death, vegetative state, or severe disability) with an OR of 3.9 (CI 1.2-13). [34] Christou et al. 2001 [35] suggested that the MCA PI correlated with outcome in TBI. The presence of high PI ≥1.56 predicted over 83% rate of poor outcome at 6 months, whereas a low PI ≤1 identified 71% of patients with a good outcome (GOS 4-5). [35] The severity of VSP may also predict the outcome on the GOS; in a study of 116 SAH patients, moderate BA VSP (MFV >60 cm/s) was associated with permanent neurological deficit, whereas the presence of severe BA VSP (MFV >85 cm/s) was associated with a vegetative state. [36] In another study, it was found that patients with TBI who had VSP or hyperemia were more prone to poor outcome (GOS: 1-3) as compared to those without significant FV change. [37] Glasgow Outcome Scale. Moderate disability and complete recovery were considered "good" outcome; death, vegetative state, and severe disability were considered "poor" ICU -Intensive care unit; DRS -Disability Rating Scale; GCOS -Glasgow Coma Outcome Scale; GOSE -Extended GCOS; GCS -Glasgow Coma Scale; TCD -Transcranial Doppler Although the underlying brain changes after TBI are not fully understood, it has been proposed that TCD is the stethoscope of the brain. [38] Disturbances of cerebral circulation play a key role in the pathophysiology of head injury. Cerebral hemodynamics has significant implications for the monitoring and treatment of patients with head injury. In a prospective study of 125 patients, [20] the MCA and extracranial (EC) internal carotid artery (ICA) were insonated using a 2-MHz pulsed TCD device through the transtemporal and submandibular methods, respectively. This prospective study has confirmed the reported time-dependent changes in the CBF, MCA velocity, and Hemispheric Index (also referred as Lindegaard ratio, V MCA /V EC-ICA ); which, considered together defined three discrete hemodynamic phases. Phase 1 (hypoperfusion phase) occurs on the day of injury (Day 0), followed by the Phase 2 (hyperemia phase, Day 1-3) and finally the Phase 3 (VSP phase, Day 4-15).
TCD is a tool that has been increasingly used in cerebrovascular hemodynamic monitoring since 1982. It measures different hemodynamic parameters such as (1) brain FV, (2) estimation of vascular brain resistance, and (3) brain perfusion pressure. [39] These parameters on TCD can be used to detect and monitor VSP in patients with aneurysmal and traumatic SAH and indirectly estimate ICP and CPP in patients with severe TBI. [40] As per Kirkpatrick et al. [41] 1994, TCD is able to detect transient changes in the relative CBF with high resolution. Kirkpatrick et al., 1995, [42] described that increase in the ICP is depicted by a relative decrease in the CBF and FV. This is associated with synchronous desaturation (Sj0 2 and HBO 2 signal changes) and cerebral hyperemia.
The most sensitive index of falling CPP is the increase in FV amplitude due to the divergence of FVs and FVd. [43] Czosnyka et al., [44] 1994e, described that at high CPP values, PI remains constant whereas, at low CPP values, PI increases rapidly.
As per one study conducted by Homburg et al., [45] 10 head-injured patients were investigated and demonstrated a positive exponential correlation between PI and epidural pressure. Moreno et al. found that an elevated PI predicts poor outcome (PI 1.56), and further correlation between ICP and PI was found. [33] As per Bellner et al., [24] there exists a highly significant correlation between ICP and PI, independent of intracranial pathology. In a systematic review conducted by Ziegler et al., [46] the evidence for the predictive value of PI was strong, unlike the prognostic value of blood-flow velocities where the evidence was inconclusive.
In addition, more evidence is required regarding the use of the TCD in patients with TBI, thus improving the diagnostic evidence and decreasing the complications occurring with the invasive cerebral monitors in place. Besides, the early detection of underlying brain pathology after TBI with TCD as compared to the computed tomography scan head and invasive cerebral monitors will help in early medical and neurosurgical intervention, thus improving the functional outcomes of the patient.
Our study has several limitations. First, there is a possibility of selection and publication bias in our systematic review since only two reviewers carried out this part of the process and they are part of the largest trial in this systematic review. They might, therefore, be more influenced by the positive trial results than by the negative ones. However, we tried to limit such bias using the following steps: a gray literature review, in which we reviewed the abstracts from several meetings in order to capture any RCT that was presented as an abstract but not published because of a negative result. Indeed, one abstract was found with a negative result, and it was included in the meta-analysis. Second, the lack of access to individual patient's data is one of the limitations. Third, the number of patients who are ineligible to this form of treatment due to poor temporal window has not been mentioned in all the trials, which makes it difficult to know the proportion of patients that are illegible to this form of treatment in general. Finally, our meta-analysis results cannot be generalized to all forms of TBI since we restricted mostly to moderate and severe TBI.
Conclusion
Our data point to a possible signal of efficacy of TCD as a diagnostic and prognostic role in patients with TBI and provide a basis to design a RCT with less bias and determine the sample size, mean CBF velocities, and the PI of future randomized trials of TCD in patients with traumatic brain injuries.
